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ABSTRACT 

An attempt   is made to extend ship-maneuvering analysis for ap- 

plication at  low ship  speeds.     Captive-model  experiments are made to 

investigate effects of  non-equilibrium propeller  speeds on rudder 

force and effective thrust.     Other experiments are made to explore 

first-order effects of very   large drift  angles  and pure yaw rotation 

on hull   hydrodynamic reactions.     The experimental   results«   together 

with previous rotating-arm data,   are applied  in motion equations*  ac- 

counting  for  both extreme propeller actions and the occurrence of 

large drift angles and turning  rates.    Also  included are  propulsion 

and rudder  time lags,  and the  influence of uniform water  current on 

ship trajectory.    The equations  are programmed  for  computation,  and 

ship response to a  simple docking maneuver   is predicted.     The compu- 

tation  is  repeated several   times  to examine sensitivity of ship mo- 

tions and  trajectory to variations of operating  parametrrs,  namely» 

maximum reverse propeller   sp<*ed,  engine response time,  and water cur- 

rent  direction. 

[ KEYWORDS 

Ship Control: 

Maneuvering 

Steering 

Low-Speed  Control 
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NOMENCLATURE 

The basic nomenclature follows that of SNAME Technical  and Research 

Bulletin No«  1-5«    Principal  exceptions are the choice of typical  dimen- 

sions used in forming dimensionless  quantities«  and the  use of additional 

notation. 

used: 

1. 

2. 

Three different right-handed, rectangular coordinate frames are 

(x. y. z) are body axas with origin at the center of gravity, x di- 

rected toward ehe bow along the longitudinal center)ine hull axis, 

y directed toward starboard, and 2 from deck to keel. The x.y 

plane is horizontal with the ship in static equilibrium. 

(x * v • z ) are fixed relative to the earth, with the x  and y o  o  o o      o 
axes in a horizontal plane and z  directed downward. When yaw 

angle i is zero, the 

y  axes, respectively. 

x  and y  axes are parallel to the x and o     'o r 

3. (x..  y.»  z.)  are fixed relative to the body  of water, which moves 

with a constant  velocity relative to (x   ,  y   >z   ).     This velocity  is ' o _/o o ' 
called the water current and is denoted Ur  . The xT» y.» and z. ^o I    'I I 
axes are always parallel   to  the x.y.  and  z    axes,  respectively. 

Unless otherwise noted, all   dimensionless hydrodynamic  (hull)  deriva- 

tives are evaluated at  zero angular velocity and  acceleration«  zero angles 

of  sideslip and rudder«   and  propeller  speed  set  for model   self-propulsion 

point.     Definitions of   symbols used are  listed below: 

,6  «B1«..(C   «etc.      Hydrodynamic  force and moment  coefficients 
used  in motion equations«   formed from products 
of dimensionless coefficients and dimensional 
quantities p«  L.  H; for  example.  B^p^LHY" 

Dimensionless coefficients used in representa- 
tions of propeller and rudder  forces 

Center of gravity 

A propeller   thrust coefficient, useful   for   stalled propeller 

VAi 

a_«a, .« .,b  »b, .•. .c   . etc. 
o    * o    ^ o 

CG 

c 

vn 
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d Propeller diameter 

gi'9t*93      Bounding values of    l/j . distinguishing different region» of 
propeller operation} used for selecting relevant representa- 
tion during computation 

F Vector   sum of external  forces acting on  ship 

H Ship draft 

I Ship  inertia  tensor 

I Moment  of  inertia of ship about,  z axis 

J Propeller  ad/ance ratio in behind-ship condition 
S 

kx»kY»k        Functions used when obtaining propeller   and rudder  force and 
moment  representations;  dimcnsionless 

L Ship  length,  between perpendiculars 

m Mass of ship 

N Hydrodynamic moment  component  relative to z axis;  yaw moment 

N Vector   sum of external  moments acting  on  ship 

n Propeller  speed of  rotation 

p Propeller  pitch 

r Angular  velocity  component of  ship axes  in z direction 

rf Dimensionless  angular velocity;   r'   = rl/u 

r' Limiting value of     r!     for  cruising-type maneuver 

^ Angular  acceleration component of ship axes  in z direction 

T Time constant  for   propeller-speed response ^■ 

t Time , 

S Apparent  slip ratio of propeller (J 

s Distance along trajectory 

U Speed of    CG    relative to fluid 

Uc0 Speed of water  current  relative  to earth 

u,v Velocity components of    CG    relative to fluid, measured  in 
directions of    x     and    y    axes,  respectively ' J 

VI 1 i 

. 

u.fV-     Velocity components of CG relative to fluid, measured in r, 
directions of x  and y  axes, respectively; (x-,y_) and 

0 
(x   ,y   )  coordinate  frames are always  parallel 

u   ,v Velocity  components of    CG    relative to earth, measured  in 
?     ' directions of    x       and    y      axes,  respectively o o 

uc   ,vc Velocity  components of water-current   relative to earth,  meas- 
0      0        ured  in directions  of    x  ,  y       axes,  respectively 

u,v Acceleration components of    CG     in directions of    x    and    y 
axes,  respectively 

D 
D 
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XfY Hydr©dynamic force component« relative to    x    and    y    axes« 
respectively!  longitudinal and lateral forces 

Y',N' Typical dimensionless first derivatives of a hydrodynamic 
^    r force and moment with respect to a velocity component 

Y'tN* Typical  dimensionless  first derivatives of a hydrodynamic 
r     r force and moment with respect to an angular velocity component 

YI.N1 Typical  dimensionless first derivatives of a hydrodynamic 
force and moment with respect  to a  linear acceleration com- 
ponent 

Yl.NJ Typical  dimensionless first derivatives of a hydrodynamic 
force and moment with respect  to an angular acceleration 
component 

Y '»N ' Typical dimensionless third derivatives of a hydrodynamic 
force and moment with respect to an angular velocity com- 
ponent  and a  lateral  velocity  component 

X,Y,N(Hu11) Sums of X. Y,  N attributed to hull  motions« respectively 

X Y  N 
fPro '+ R dd    )      ^ums   0^ X»Y'N attributed to propeller and rudder  actions 

p Drift-angle;   sinß = -v/j 

ß, Limiting drift angle for  crui sing-type maneuvers 

6 Rudder deflection 

p Mass density of water 

t Yaw angle« measured about z    axis« relative to x    axis o o 
tc Direction of water-current  flow« measured about    z      axis 

relative to    x      axis o 
ü) Angular velocity of ship relative to (x  «y  «z   ) axes 

Subscripts 

o Referred to axes fixed with respect  to earth;  also initial 
time when used with    t 

i Previous  steady value 

* Desired or  conrianded value 

IX 



INTRODUCTION 

Upon entering pilot waters From seaward, t-he difficulties in con- 

trolling a ship increase enormously because of the proximity of many 

solid boundaries such as harbour installations and other ships.  The 

extremely low control force to momentum force ratios of large merchant 

ships is the main factor which makes close quarter maneuvering difficult, 

To minimize both the danger and damag« of collision, it is necessary to 

drastically reduce ship speed in this type of operations. 

However, the reduction of ship speed introduces other problems 

which complicate ship control. Among these are the effects of wind and 

current, and the strong dependence of rudder forces on propeller speed 

(for single screw ships). All these factors combine to cause frequent 

saturation of propeller and rudder.  This accounts for the common use 

of tugs, bow thrusters, or anchors during close quarter maneuvers of 

ships. 

The work done under the present task order was divided into two 

phases.  Ir the first phase, the effects of wind on low-speed ship con- 
2» 

trol and stability were treated and reported separately by Eda.   The 

second phase, reported herein, deals with the effects of steady water 

currents and changing propeller speed.  In neither case were the effects 

of the proximity of solid boundaries on the hydrodynamic forces treated. 

The simplified motion equations used in most studies of ship con- 

trol provide satisfactory predictions of maneuvers under cruising (con- 

stant throttle) conditions, but are not sufficiently general to treat 

many real control problems, such as those which occur at low-ship speeds. 

I 2 
Controllability surveys by Norrbin,  Eda and Crane, Williams and 
34 5 

Noble, Goodman,  and Abkowitz discuss the usual forms of equations and 

their solutions.  None Include propeller-speed changes or water-current 

effects.  Saunders,  and more recently Hawkins,  have discussed special 

tow-speed maneuvers without using equations of motion.  Crane, Uram and 

i 
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Choy have formulated motion equations for mooring and docking maneuvers 

of a destroyer and a submarine. But most efforts on non-equilibrium 

prooeller effects have concentrated on ship-stopping. These works are 

summarized in Reference 3.    Papers by English,  Hawkins, Stuntz and 

Taylor,  and others treat bow-thrustcrs and other maneuvering-propuIs ion 

devices (MPO), but these do not include MPO forces in maneuvering analy- 

sis. 

The present work Is an attempt to extend the generality of ship- 

maneuvering analysis to include engine-maneuver and steady water-current 

effects, and to introduce the possibilities of very large drift angles 

and dimensionless turning rates. 

Equations of motion are formulated for trnnslation and rotation of 

a surface ship maneuvering in <; reference frame whicl is fixed with 

respect to a moving water mass (the water current). The independent ship 

variables comprise propeller speed and rudder sngle. The equations are 

solved with respect to the coordinate frame moving with the water, and 

the solution is transformed to a fixed coordinate frame.  Resultant ship 

velocity is integrated to obtain the position and orientation of the ship 

at any time. Water current if a parameter, and is made zero when dis- 

cussing other effects. 

Coefficients of the equations are obtained from experiment, cal- 

culation, and existing data. The combined effects on the hye'rodynamic 

forces and moments of ship speed, propeller speed, and rudder angle 

(at maneuvering speeds) are investigated by captive-model tests in a 

straight towing tank.  indications of hydrodynamic reactions to very 

large drift angles and to pure yaw rotation are obtained experimentally. 

Numerical integrations are performed by digital computer. 

A few examples of computed maneuvers are given to illustrate uses 

which can be made of more general analyses of ship maneuvering. Using 

the computation procedure developed, the sensitivity of ship response 

to particular ship parameters is studied for a simple ship-docking 

maneuver. 

It is noted that some of the procedures used in formulating the 
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equations of motion «re merely expedient- measures taken to permit qualita- 

tive results to be obtained.    More fundamental  treatment of these close- 

quarter,   low-speed control problems  is  left for future studies. 

This project was sponsored by the Bureau of Ships General Hydro- 

mechanics Research Program under Contract Nonr 263(63) and technically 

administered by the David Taylor Model  Basin. 

<■ 



•'• 

r- < 

R-I169 

EQUATIONS OF MOTION   -  GENERU 

General   Form of Motion  Equations 

Differential   equations describing the motion of a  ship are written 

with respect  to a  reference frame rotating with the ship's axes.the origin 
of which  Is chosen coincident with  ship's  center of mass  (see Figure  ?)• 

dV      - 
F = "iC-gr + uT x "^) 

-*     dm   -*   . -^ 
N = l|^+u)xra) 

(I) 

where 

F 

N 

"v 

I 

sum of all external forces 

sum of all external moments 

velocity of ship center-of-mass 

angular velocity of ship (ship's axes) 

moment of Inertia tensor 

All vectors can be expressed In rotating (ship axes) coordinates. 

For a surface ship In calm water, hese vector equations are reduced to 

three Cartesian equations by applying the following simplifying assump- 

tions: 

1. Ship Is constrained to move In Its lateral plane 
(i.e.. the x. y-plane)»which Is horizontal. 

2. Center-of-mass Is in the principal plane of symmetry of the hull 

3. Mass and center of mass are constant. 

k.     Products of inertia are zero. 

Then. 

m(u - rv) = X 

m(v + ru) = Y 

I r = N 
z 

(2) 

where    X    and    Y     represent  summations of  unbalanced external   forces act- 

ing   In  the     x    and    y     directions,  and     N     the summation of unbalanced 

moments about   the  z-axis. 

'-     : 
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External forces arise from hydrodynamic reactions to hull motion, 

propeller and rudder actions« aerodynamic reactions on hull structure, 

and all other forces which may be applied by waves, bow-thruster, anchor 

chain, tugboat, mooring lines, etc.  In this analysis, only hull hydro- 

dynamic and propel 1 er-rudder forces are included.  In succeeding sections, 

their contributions to X. Y.and  N are considered. 

Reference Frames 

It is clearly desirable to describe low-speed ship maneuvers relative 

to an inertial reference frame fixed in the earth.  However, the motion 

equations and solution are greatly simplified if referred to a coordinate 
V; 

frame fixed in the ship, with subsequent transformation of solutions to 

the desired reference frame ( Figure \X 

With a uniform water current, an additional (intermediate) reference 

frame is useful.  The additional frame maintains the same orientation as 

the fixed frame, but moves with the steady velocity of the uniform water 

current.  In computation, the first transformation of the solution is 

from ship axes to intei .nediate axes.  The second transformation simply 

adds the water-current velocity components, to obtain motions relative to 

the final desired reference frame. 

It is emphasized that the uniform water current need not enter the 

differential equations of motion, because a steady velocity will intro- 

duce no acceleration in the motion equations.  The current is entirely 

accounted for in the final integration of velocities.  Steps involved in 

the velocity transformations are shown below 

(1)  Ship velocity components (expressed in ship axes) are transformed to 

intermediate axes by a rotation of coordinates. 

u. = u cosilf - v sin^r 

v.   = u   sin\lf  + v cosi|f 

(3) 

v,- 
Orientation of ship axes with respect to ship geometry varies according 
to ship loading conditions because, for convenience, x and y  ship-axes 
are taken horizontal (hence, z-axis vertical). 

• "V.' 

T 



■r 

R-1169 

and 

i =    I      rdr +  i(o) 
'o 

where 

u     and    v    are coordinates of  velocity along  ship axes«   and 

uT   and    v.   are components of  ship  velocity  along  intermediate axes 

(2)     Components of water-current   velocity  arc   then added to obtain ship 

motion relative  to  fixed   inertial   axes. 

u     = U-   + u 
0 I Co 

V       =   V.    +   V o        I        c o 

or 

u     - u  cos*  - v sin*  + U       cos* o ' ¥ c yc o 

= u  sin\|r  + v  cosi|f  + U       sir.^ v 
o 

o 

keeping in mind that the intermediate axes  (I)  and fixed inertial axes 

(o)  are parallei. 

Time integration of the velocities u  and v  yields instantaneous 3 00' 
ship position (x .y ) Hth respect to any chosen origin. 
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HULL CONTRIBUTIONS TO EXTERNAL FORCE AND MOMENT 

Hydrodynamic forces exerted on a ship's hull ar<? attribu ed to vis- 

cous and inertial fluid effects which are expressed as functions of hull 

motions and accelerations.  Since a wide range of maneuvering motions may 

occur at low ship speeds» hydrodynamic representations are separated ac- 

cording to application to cruising-type or docking-type maneuvers.  The 

former case is considered first. 

A convenient form for expressing hull hydrodynamic forces is avail- 
12 dble in the Taylor series expansion.   In the present analysis, the 

general expansion is specialized to the surge, sway, and yaw mctions of 

a ship. 

The following simplifications, extra to those noted in the previous 

section , are made: 

1.  The hydrodynamic derivative coefficients X ' , X • , Yl and ' ' vv ' rr   r 
N!  are assumed to be negligible.  For convenience a term pro- 
portional to uU is used to account for 
effects. 

X* and drift-angle 
o 3 

2. Hydrodynamic terms of order four and higher are assumed to be 
negligible. 

3. Forces due to hull motions and accelerations are represented to 
be independent of propeller and rudder actions. 

k.     Ship floats in deep (O/H > 3.5), calm, unrestricted water. 

Simplification (3) is necessary due to the absence of captive-model ex- 

perimental data for a ship on curved path with reversed propeller rota- 

tion, or in any propeller condition far removed from model or ship self- 

propulsion point. An indication of the effects of non-equiIibrium 

propeller speed on hull hydrodynamic data was obtained by inspection of 

rotating-arm tests results of a model of T.S. EMPIRE STVTE IV.13 The 

measured effects cannot be explained simply on the basis of propeller- 

side-force changes at different propeller loadings. Although the differ- 

ences are large enough to warrant further investigation, they are assumed 

to be of second-order importance for present purposes. 

, 
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With the preceding simplifications, the nonlinear  hull   force-and-mo- 

ment  expressions»  retaining  third-order  terms  in the velocities, may be 

written as 

Xu  11   = A ü  + A.uU   «■ A-rv hu 11 o 1 2 

Vh"M   = Bo^  + B1uv  + B2ur  + B3rvB/u  + B^v/u  + B5r3/u + B^/u 

N.    ,.   = C r  + C.uv  + C.ur   + C.rvc/u   + C,rav/iJ   + C-r3/u +C,wa/u 
hull o 1 2 3 H 5 o 

>   (5) 

where   it  has  been assumed   that | v/u | < 0.26 and     r1  <  1.0   ,   and 

Ao  =|L«HXI 

AI = f LHX; 

A2  = | l*"\l 

B     =5 LaHYJ 0 2 v 

B.   = ■£ LHY« 1 2 v 

B2   = | ^HY^ 

_  P 

Co  = f 1>HNI 

C2   = -^ L3 HN^ 

_  P Bi   = ^ LSH(Y     •  +Y') C,   = ^ L3H(N     '   + N«) 3       •♦ rvv      r 3       H rvv        r 

B.   = £ L3HY     ' *♦      k rrv 

Bc  = f- L*HY     • 5      12 rrr 

C.   = f L*H  N     ' H      k rrv 

5      12 rrr 

Bt   = To LH(Y     ,+3Y') C<:=£)L
£H(N     ,+3N') 6      12 vvv v 6      12 vvv v 

All   dimenslonless coefficients except     XI,  X  '   , YJ , and    Nl     are evaluated r   u  vr  v       r 
experimentally» as described in Reference 13> 

The derivatives XI , Yl »and NI  relate hydrodynamic forces to hody 

accelerations» and X '  is taken equal in magnitude to Yl .  The Yl 
vr ^      a v    iL  v 

and  Nl  coefficients are computed following the method of Lewis  and 
r  15 Prohaska.    For example. 

•Y./m  = v' 

i   rXs 

T5   S(x)dx 
Jxu 

In this  strip-wise  integration,   k      is  the  two-dimensional   lateral   added 

8 
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mass  coefficient.     This   is  determined  for   ship-like   sections,  by using 

Prohaska's results.     The    k       is  a  three-dimensional   correction factor c 
determined by comparing the exact added-mass computation of the prolate 

spheroid given by Lamb with that obtained by the stripwise computation 

for the same spheroid.  Factor  S(x)  is the local sectional area.  The 

rotary acceleration derivative Nl  is obtained in a similar manner« but 

includes an x"3 factor in the integrand of the numerator.  The longitudi- 

nal acceleration derivative XI  is taken equal to that of an equivalent 

prolate spheroid. 

Conditions at Very Low Speeds 

Experience shows that at moderate ship speeds, drift angle, ß . does 

not normally exceed approximately ±10 degrees, and dimensionless turning 

rate, r* . is normally limited to about 0.7 (corresponding to turning- 

diameter/ship-length s» 3)»  However, a »hip maneuvering at very low speeds 

may develop much larger drift angles and space turning rates* 

Consider the definition of  ß , as forward speed u becomes small 

with respect to lateral speed, v : 

lim ß =  lim f-tan'1 (^)] = ± n/2 
u-.o u->o 

In similar fashion« space turning rate grows large as ship speed vanishes; 

i.e.. 

1 im r' - nm -rr -» » 
U-o     U-o 

Such situations arise with the action of external forces which are not 

wholly dependent on ship motions. 

Two broad categories of maneuvers are defined: 

1. Cruising-type maneuvers:  Both of the below criteria are satis- 
fied. 

2. Oocking-type maneuvers:   One of the below criteria is un- 
satisfied, or both are unsatisfied. 

ßl < PL r- | < r£ 
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These definitions are useful in defining maneuvers for which con- 

ventional hydrodynamic expansions are valid.  These are called cruising- 

type maneuvers* and it is for these that most experimental data are 

obtained.  Ranges of variables may be extended to cover docking-type 

maneuvers» of course (given sufficient date)« but it is possible that an 

expansion other than Taylor's series may be more convenient for treating 

docking-type maneuvers (double Fourier series, for example).  If a Taylor 

series is used, an expansion point at (u=v=r=u=v=r=0) might prove more 

convenient than at (u=u  . v=r =u=v=r-"0). 
o 

In this report an example of a simple docking maneuver is computed. 

The maneuver is terminated as forward motion stops after sustained re- 

versed propeller action.  The computation will show a tendency for the 

ship to develop large values of  ß and r*  at the end of the maneuver. 

To allow for this, terms exhibiting first-order qualities of the true 

(steady-state) hydrodynamic reactions are used in this region. Coefficients 

of the simplified terms are relatively easy to evaluate, since they repre- 

sent uncoupled drift-angle and yaw-rate effects.  The acceleration de- 

pendent terms appear as before.  Simplifications 3 and k  still apply. 

xu 11 = A ü + A.uU + A-rv 
hu11   o    I     2 

Yhull   ^o0 +ß7vU  + B8VH    +B9ur 

Nhull  -^  +C7VU +C8^lvlJl +  C9rlr| 

(6) 

where It is assumed that u > 0 . 

The relative importance of steady-state hydrodynamic forces obviously 

declines (relative to inertia effects) as ship speed decreases.  However, 

it cannot sirrply be stated that steady-state terms are negligible below 

any particular speed (except under very special conditions).  For example» 

consider ship response to a pure applied yaw moment.  After initial yaw 

acceleration, the resisting hydrodynamic moment is almost entirely a 

steady-state damping effect.  If steady-state terms were arbitrarily ex- 

cluded, acceleration without limit would be computed. 

10 
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PROPELLER AND RUDDER CONTRIBUTIONS TO EXTERNAL FORCE AND MOMENT 

t ■ 

. 

1.1 
;.: 

H 
I; 

An important departure from usual maneuvering analyses, at low ship 

speeds» is the loss of proportionality between control forces and the hull 

forces which are associated with motion through the water. The control 

forces of propeller and r u d de r can be di sproportionately large or 

small» according to the action of the propeller.  External forces and mo- 

ments attributed to propeller and rudder actions depend on several factors 

including 

1. Propeller, hull, and rudder configurations 

2> Propeller speed of rotation and angular acceleration 

3« Ship linear and angular velocity 

If. Rudder angular deflection and deflection rate 

5* State of cavitation or ventilation of propeller and rudder 

6. Ship hydrodynamic environment, i.e., water density, depth,and 
lateral boundaries, and waves 

The following assumptions, together with those In previous sections, 

simplify representations of propeller and rudder forces: 

1. Ship speed is low; hence lateral ship velocity is small. 

2. Yaw rotation is slow. 

3. Based on (1) and (2), the lateral component of Inflow to pro- 
peller and rudder is small. 

U. Rudder deflection rate is slow, conforming to normal ship prac- 
tice ( 2-1/2°/sec).  Also, frequency of rudder oscillation Is 
low; hence errors due to quasi-steady representation are small. 

5. Accelerations of propeller rotation, rudder deflection, and hull 
motion which might affect propeller and rudder forces have negli- 
gibly small effects on integrated hull motioos. 

6. Propeller and rudder are not cavitating. 

With the above assumptions, propeller and rudder forces are repre- 

sented as functions of propeller speed, n »ship's longitudinal speed, u , 

and rudder angular deflection. 6 . 

11 

' 
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X Force Due To Propeller and Rudder 

The dimensionless thrust coefficient, k. = —*"JS  ■ Is commonly used 
t   pd* na 

to represent propeller test results for various conditions of ship speed 

and propeller rotation. This notation is useful as an aid in understand- 

ing and representing propeller force effects.  In this study, self-pro- 

pelled captive-model tests have been used to measure a quantity which 

will be denoted X(prop.-• rudder).  This quantity is defined as total 

measured axial force.  X(u,n.6). minus the resistance of the model hull 

without propeller. X(u.—,—).  From this, a dimensionless "effective 

thrust" coefficient is defined. 

.  _ X(u.n.6) -X(u,— , —) 
x ~      p d* n9 

(7) 

As with open-water  propeller   thrust  characteristics,   it   is convenient   to 

graph    k       as  a  function of propeller  advance ratio (here using  ship's 

speed of advance),   i.e..    J    = "3 •     ^or  clarity,  rudder effects are o- 

mitted  from the  next   discussion. 

Sketch  I  shows  the relation of    k       to    J       in regions of propeller 

operation which are  important   for  ship-stopping. 

SKETCH    I 

1 2 
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The path of    k       during rapid propeller-reversal   is  traced: 

1. Approach to equilibrium condit ion (thrust   = resistance) 

2. Propeller   speed reduced;   blade  sections approach zero angle of 
attack   (thrust zero) 

3*    Propeller  speed further reduced;  blade sections at  negative 
angles of attack  (thrust  negative) 

U.    Propeller   speed further reduced;   flow about  blades completely 
separates  (propeller  dragging) 

5*    Propeller  stopped and dragging»   ...       6.    Propeller   turning 
slowly  astern but  dragging 

7. Astern propeller  speed increased (blades recover  from stall   and 
begin  thrusting  astern) 

8. Propeller   speed approaches  a constant  value;   ship speed gradually 
reduces; astern thrust  determined by  propeller  characteristics 

The representation of  Sketch  I   is  not  useful   in the  interval   between 

*♦ and 7*    Mathematically»  as    n    approaches zero»  J     tends   to  infinity. 

Furthermore»  beyond the blade stall-point  at   large negative angle* of 

attack» k       cannot  be represented  simply  in terms of    J     .     For  cargo 

ships and tankers  the negative blade-angle  stall will  occur  at  a    J 

value between 2  and U.    Another dimensionless  coefficient   is   then con- 

venient  to express  "effective propeller   thrust."    This is the coefficient 

c    = —s  ,.    .  used by Bindel       and others.    The singularity   in    J    = T xpd8^ 7 37snd 

is avoided by using the reciprocal. —  . 

SKETCH   II 

I 
13 



■I 

R-I169 

The characteristic behavior  of    c       in a ship-s'.opping maneuver   is 

shown  in  Sketch   II   (numbers correspond  to those of  Sketch  I).     Because pro- 

peller  speed will   change much more quickly  than ship speed,   the behavior  of 

X(prop.)   is  similar  to  that  of    c       in  Sketch   II. 

Because of  slow propeller   speeds   in  the region  from U  to 6,   experi- 

mental  evaluation of    c       is  subject   to  serious  scale effect   (especially for 

propeller operating behind the ship);butif cx  passes  from U to 6   in a  few 

seconds,   the  accuracy of  the  representation  in this region  is  not  crucial. 

An estimated propeller  drag  coefficient   is   therefore used (Seo Appendix A)« 

When unstalled propeller  operation resumes  (at  some reversed propeller 

speed),   the    k    vs. J       relation   is  again effective and  simple  to use.     The 

required  segments of  the    k    . J       curve p"6  easily  described  by  simplft poly- 

nomials  in     J     .     For  example,   in  the rerion  from  1   to k  (of  Sketch   I),  an 

adequate curve-fit   is obtained using    k     =a    + a^ J   +c^J:'.     And  since 

X(prop)   = k    pd* rP 

substitution of   the polynomial   in    J       for     k     »  and    —j    for     J     , yields r    7 s x nd s      ' 

X(prop)   =  (pd4a )na  + (pcPa^un  +(pdsa2 )u3 (8) 

where     a   .  a.   ,aa     are  determined  for   a particular  propeller   and hull. 

In  similar   fashion,   the k     curve  segment passing   from  point   7 through 

point  8 may   be  curve   fitted   to     J    .    For   digital   computation of maneuvers, 

the correct   expression   for     k       can  be   automatically  selected  according  to 

the   instantaneous  value of     J      .   using   rules  based on  Sketch   I, s ^ 

Rudder  effect  on X force   is  treated next.     The  drag of a  rudder 

mounted aft  of  an ahead-turning propeller   is  a  function of  rudder  angle, 

ship  speed,and  propeller  speed.     If    k       is   approximately  parabolic with 

rudder   angle,   6   ,  a  simple  extension of  the  propeller-thrust  representation 

to rudder  drag may   suffice. 

X(rudder)   - k     ,.  pd*rp& (9) 
x, 0 

Here we express k  K = a- + a. J   , leading to r      x,5   ~   * s 3 

1U 
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X(rudder)  = [(pd4  a, )na  ♦ (pd3  a4)un] 6a (10) 

When propeller  Is dragging or  reversed«  the rudder  drag  Is smalt  and 

erratic.     No attempt   is made to represent   it. 

Y Force Due to Propeller  and Rudder 

Representations of    Y    force and    N    moment due to propeller  and 

rudder closely  follow those for     X    force.    The  following will   pertain to 

both    Y    and    N  . 

Because the flow past the rudder   (of  a single-screw ship)   Is  de- 

termined by both  ship  speed and propeller  speed»  the concept  of    k vs.   J * s 
is useful   for  developing a polynomial   representation for  side force*  but 

now only  in  the propeller operating region from 1   to U of  Sketch I.     If 

in this  region    Y    Is a  linear  function of rudder angle»  the symmetrical 

part of    Y(prop.   + rudder) with respect  to    6    may be represented by 

[(pd*bo)na  + (pd* bj )un +   (pdaba)u»]6 

A small   upsymmetrical   side force  is also observed for  single-screw ships. 

This is called the Hovgaard effect    and  is caused by asymmetry of propeller 

rotation.     Several   authors attempt to explain this physically»  but  It  Is 

represented here as a  simple  function of    u    and    n »based on results of 

straight  course experiments  in the next   section.     Summing  the  symmetrical 

and unsymmetrical   parts»  the  total   expression  is 

Y(prop. + rudder )=[(pd*bo)na+(pd",bl)un+(pdaba)ua]6+(pd*b3)n
8+(pdab4)u8 

t (ID 
In  the   stalled region»   for  advance ratios to the right   of point k, 

flow aft of the propeller is much disturbed.    Rudder  forces  are then 

sharply  reduced and difficult  to evaluate.     In this condition,   it   is es- 

timated that  rudder effectiveness  is reduced to  less than  l/3 of  that  in 
i 

normal   ahead operation.    This  is  based on model   tests of a related single- 

| screw hull  with propeller removed 

As propeller rotation is reversed the propeller race Is  directed 

forward.     Local   flow past  the rudder  is destroyed and steering control   is 

lost.     Side-force bias due to propeller  rotation gains  importance»  and  it 

I alone influences  the directional   behavior of the  ship (in the  absence of 

I 

15 
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other  external   forces). 

N Moment  Due  to Propeller  and Rudder 

The representation ot"  yaw moment   produced  by  propeller  and  rudder, 

N(prop.+ rudder).   closely  follows  that   for  side   force.     An  additional 

length  dimension  appears   in  the  exponent  of     d   .     The  number of  terms   in 

J    will   depend upon  the  shape of the  function    k   , and the  precision  re- 

quired. 

A summary of  terms used  in  the  present   study  for     N(prop. +rudder) 

appears below: 

Operating  Region 
of Propel ler Expression  for  Rudder-PropeMer  Yaw Moment 

I   to *♦ Nc     =(pdsc   n» +pd*c, un+ pd^c-u^S +pdBc.,n3   (12) 
c, n o ' •* 

U  to 6 NK     = pd^c.u8 6 (il) 
ö ,n • 

6   to 8 N6 n= pdRc3n
a (lU) 

16 

Although   insufficient  data  are available to analyze  ship dynamic  stability 
in  this condition,   the  reversed  propeller may  destabilize the ship by   its 
effect  on  the  flow about   the hull.    While this  could cause yaw divergence 
in  either  direction,   at   low speeds  the unbalanced  side  force produced  by 
the reversed propeller  usually causes  yaw angle   to de/elop   in   the posi- 
tive  (clockwise)sense.     This  tendency   is  shown   in  later  computations.   The r 
yaw effect   is used  to advantage  by ship-handlers and explains  their   prefer- 
ence  for  port-side-to-pier   landings. 

i. 
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TIME LAGS OF PROPELLER AND RUDDER RESPONSE 

Engine Orders 

Commands from the bridge to engine-control indicate desired magnitude 
•ft 

and sense of propeller rotation.  A typical engine-order (bell) table for 

a merchant ship is shown: 

Engine Order Propel 1 er Speed (rpm) 

Full Ahead 60 

Half Ahead ko 
Slow Ahead 20 

Dead alow Ahead 10 

Stop 0 

Slow Astern -15 
Half Astern -30 

Full Astern -^ 

The system used aboard naval ships is slightly different.  In the 

naval system» the engine (propeller) is specified, followed by the desired 

sense and speed of rotation (in thirds).  For this study a merchant ship 

is assumed. 

Engine response to orders requiring large amounts of power is limited 

by the steam pressure available. Minimum allowed levels are established to 

protect the boiler against excess steam drain through the astern turbine. 

These limits guide throttle opening until desired propeller speed is ap- 

proached. 

Bridge control is not treated here« but may be introduced immediately* 
since there is no restriction to discrete propeller speeds in this analy- 
sis. 

/ 

17 
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Propeller Time Lag 

Rate of change of propeller speed will depend upon 

1. Instantaneous propeller speed, n 

2. Instantaneous longitudinal speed, u 

3. Previous steady propeller speed, n. , and nozzle combination 

'♦. Propeller-speed ordered, n 

A complete analysis of transient propeller speed (including pro- 

pulsion-machinery characteristics and human-response factors)are beyond the 

scope of the present study.  A simplified function is used, which provides 

a good approximation for the purposes of this work.   It is based on full- 
19 scale ship data for the "crash-back" maneuver.   Propeller response is 

described by the first-order differential eguation -rr + Cjn+Cg =0. 

Applying boundary conditions n = n  at  t = tj  and n -• n* as  t -♦ « # 

instantaneous propeller speed is given by 

n = n. + (n--- - n^ )(1 -e'At/T)  . At = t-t. (15) 

where T - time constant for particular ship and maneuver.  This may be 

estimated by fitting Equation (15) to given response data. 

Rudder Time Lag 

The steering machinery of a large ship will provide approximately 

constant rudder rotation for rudder changes of more than a few degrees. 

According to U.S. Coast Guard Marine Engineering Regulations and American 

Bureau of Shipping Rules, average rudder rotation shall not be less than 
20 

2-1/3 degrees per second.  In the S.S. GOPHER MARINER trials,  the rudder 

was shifted from 35  left to 35  right in 22 seconds, i.e., at an average 

rate of 3.2 degrees per second. 

For constant rudder angular rate, rudder deflection is represented 

by  6 = 5. +6(t-t.), and 5 > 6    according to sense of rotation, where 

18 



R-n69 

6.   = 

5     = 

6     = 

Initial   deflection angle 

time at  execution 

rudder  angular rate 

ordered rudder  angle 

The sign of     6 is  determined by  the  sign of (6 - 6.)   .     Rudder-angle com- 

mands are  specified in degrees right  or   left of amidship  (-or  +   ,  re- 

spectively)«  but  radian measure is us^.d  in equations. 

19 
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SUMMARY   OF   MOTION   EOUATIONS 

The  equations  of motion are «unwnarl;i>d below   in  a   form  for   solution! 

X  ECMAT10W 

(m - A  )u = 
o 

AjUU   ♦ (m ♦ A2)rv X(Hull) 

A-n3*  A|tun   ►  A-U»*   (^n?+ A-un)«'     , 

AgUU   ♦ A u9^ 

1/J     > g 
s   ' 3I 

g, > i/J, > g2 

A)0n»»Anun ■     92  *   ,/Js   > 53 

Al2n* * Ai3un * AiuuP *A,5u',/n •    gj ? l/Js 

X(P'op   + Rudder) 

Y CqilATlON 

r    B.uv  ♦  (B2-m?ur   ♦ B..rva/u   ♦  B.r'v/u   *  B.rVu   ♦ Bs^/u   t   P < p  , r'   « r'.and u  > u. 

(m  -  B   )* = o Y(Hult) 

B-vU   ♦ Bgv(v| ♦  (B9-m)ur I   p > p or  r^ r'  or    u < u. 

' Biona * "n"8 4(Bi2na * Bi3un " 9iuu!,)8 '       ,/J
1
>g| 

*<   B15u3« 

Bl6n' 

> qt*l/Js> g2 

.  g,.-l/j. 

Y(Prop  ♦ Rudder) 

N COMATION 

Hrco)>*< 
CjUV   ♦ C2ur   ♦ C3rv0/u   ♦  C^r'v/u   ♦  C  r3/u   ♦ C^^/" •   P  < P,'   >■'   s r'    and u 2 u. 

C   vu   ♦ C8vu|vu|/U» ♦  C  r |r| 

N(Hull) 

,   p > P orr'  > r'  or    u < u 

' C|0na MCnna   ♦  C|2un   ♦  CJJU3) 5 . '^'s  > «1 

C1<.u^ 

Cl5n' 

20 

g, > 1/JS > g2 

•   g2 a i/Js 

N(Prop   ♦ Rudder) 

Equations   (16] 
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and 

8 = 8^   ♦ i(t -t, )     . 

■ Ät/T )   I     At   = t 

Mhar« 

HXI -ft. 

A2  = ? L-  HXri 

A,  - Pd*   .0 

\ = P«*» •, 

A5  = Pd« .2 

Ag-Pd» .3 

A7  = Pd» .,, 

N = I LH «6 

A,0= pd« »7 

A,,« Pd» .g 

A,2» Pd* •9 

A133 "^ •lO 

*,„. Pd« •„ 

A,5= Pd    .)2 

Ship motions, position and or 

u    B u co«f -v tint ♦U_ o c
i 

v    « u  «In^ *v coif +0 
o c, 

£ 6   < 8. 

f L« HVI 

= P LHV 

= f L« HY; 

, ■ I fH(vrv; ^;) 

U = f L,HVrri 

5 S fl L-HYrr; 

7-1 LHY, 

8 S I LHY2 

= £ L»HY.(1nort1«l only) 

(17) 

(IS) 
I 
• 

co « f f HM; 

C,   = f L- HM' 

c2 - 5 L- HN; 

CJ =? L«H(Mrv^ N;) 

CU = ? L4MMrr: 

C5 C fl L'HNrrr 

C7 - f L-MN, 

C8 « f L.HN2 

10= ^"o 
cio- ^ S 

11= *"b1 
Cjj-pd-e, 

12= pd«b2 C,2« Pd* e, 

,3= Pd»b3 C)3- pd» Cj 

I.»" ^»»u 
C,u« { L-He 

.5=TLHb5 
C,5- pd.c5 

16s P-4^ 

entatlon ralatlva to aarth- •fixed axoa ara 

co«*c 
t 

.1ntc (19) 

',•' 

Jo 

x (o) 

^ y>) 
(20) 

rdt ♦ r(o) 

21 
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EXPERIMENTAL  PROGRAM 

Experiments were made  to evaluate  coefficients of   the motion equations. 

The program was divided   into  three parts,   according  to  the facilities used. 

Since the number  and ranges  of variables  are extensive,  the test  programs 

were   limited to conditions  necessary  for  application of  the equations  to 

particular maneuvers. 

PROGRAM  I:   Straight-Course  Experiments 

A   lU-ft captive model   was  towed at  various  speeds.     Propeller   speed 

was  varied among  positive and negative values,   and  rudder  deflection was 

set   at   intervals between plus and minus  30 degrees.     A Series 60 model   was 

used ,     particulars  of  which   are  given   in  Table    1. 

The propeller was driven by a frequency-control led synchronous motor, 

inteqral with a propeller thrust and torque dynamometer. The power source 

and speed controller were located ashore and connected electrically to the 

model   through overhead cables  via  the  towing  carriage. 

Rudder  deflections were  set manually,   using  a  tiller  and  protractor. 

The  three force components measured were the   longitudinal   component 

X  (in   line with  the model's   longitudinal   center line)  and the two  lateral 

components      Y.     and    YR  (perpendicular   to  the model's  centerline,   forward 

and  aft).    The  net   side  force  is    Y  = Y.   + YD   .     The  net  yaw moment   (act- 
A B 

ing  about a vertical   axis  through the model   CG)   is  determined by 

N  = Y.x^.+Y-xe;     ,  where     F     is  the  longitudinal   separation between  the 

model   center-of-ma^s  and the  force-measuring balances     (!:iA>0»?D<0). 

The force balances  are  of  the differential   transformer  type,  capable 

of measuring  two orthogonal   force components  and  a moment  component  about 

a central   axis.     Balance  locations and constraints  are  shown  in  Sketch   III 

on  the   following  page.     The model   was constrained against   surge,   sway»and 

yaw motions,but was  permitted  freedom to heave,   pitch  and roll. 

22 
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SKETCH  III I 

B 

hUA 

B 

B 
OLWL 

CO 

SECTION  B-B 

IS 
SECTION  A-A 

Tests  in this  program were conducted on  straight   p.ith  (r1 =0) with no 

drift  angle (v=0).     Model   speed,  u   , was varied between 0 and 5*7  feet 

per   second.    Propeller   speed was varied between ±7*65  revolutions  per   sec- 

ond.     No data are reported for  propeller  speeds  less  than k.k rps> for reasons 

of  scale effect on  forces.     Rudder  angles were  limited  to ±30 degrees«be- 

cause of  the effect of  scale difference on the point  at which rudder  stall 

occurs   (near  30 degrees). 

Turbulence stimulation (of  flow about  the hull) was aided by a 0.03' 

inch-diameter  trip wire   located 8.U  inches  aft  of  the  forward perpendicular. 

It  is unlikely  that  turbulent  flow was achieved at most  of the hull   speeds 

of this  test.     However*  hull   resistance at   low  speeds   is  not  significant 

compared with thrust forces. Furthermore,  hull   resistance  is deducted  from 

the  total  measured  X-force  in arriving  at   thrust  coefficient  information 

for use  in ship-motion computations;   thus,  the error   introduced  is subse- 

quently  subtracted. 

Hydrodynamic  force  and moment  data are  listed for   various conditions 

23 
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of ship speed, propeller speed, and rudder angle  (u, n, 6)»in Table II. 

These data are dimensional for the l^-foot-long model. 

The data are reduced to coefficient form in Table III.  The dimen- 

sionless coefficients are defined in the section on propeller and rudder 

forces or the section on huM forces.  Apparent slip ratio» S  »is given 

by 

S = Pn - u 
o     pn 

Coefficient data are plotted in Figures 2, 3 and U. 

PROGRAM II:  Large Drift-Angle Experiments 

A 5-ft captive model was towed at various drift angles through a 

total range of 360 degrees.  A Series 60 model was used» particulars of 

which are given in Table I.  To avoid wall effects, the tests were con- 

ducted in Davidson Laboratory Tank No. 2, with the rotating arm at its 

longest practical radius.  Side force and yaw moment were measured through 

the entire range of drift angles.  Since coupling effects of propeller and 

rudder should be small relative to hull forces, they were neglected in the 

test.  The propeller and rudder were both fixed. 

The model was attached to the rotating arm in a manner similar to 
18 

that used in conventional rotating-arm experiments of surface-ship models. 

The principal difference was that the flexure plate mounting on the model 

was made rotatable in steps of 60 degrees.  This extended the drift-angle 

capability of the balance Lieyond the usual ±30-degree limits,to any desired 

angle.  The normal arrange.,ent. with fixed mounting, constrains the model 

against yaw. surge, sway.and roll mot ions.but permits freedom to pitch and 

heave.  The modification changes the nature of the roll and pitch con- 

straints; but negligible tendency to pitch or roll was detected at the low 

model speeds tested. 

Model speed was selected according to the drift angle of the run. 

For drift angles near 0 or 180 degrees.  speeds between 1.5 and 2.5 feet 

per second were used.  At large drift angles, the speed 0.85 feet per 

second was used, to    avoid unreal istically high Froude numbers in condi- 

tions that would exist only at very low ship speeds. Speed effect at 

" 
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90 degree drift  angle  received  special   attent ion.The dimensionless side force 
y 

coefficient     Y"   =         is plotted against  speed for   this condition,in 
I LHUa 

Figure 5« 

Measurements comprised X and Y components of hydrodynamic force 

and N component of hydrodynamic moment.  Dimensionless coefficients  N' , 

X' and Y'  are formed, and plotted in Figures 6, 7 and 8, respectively. 

The rotating-arm facility imposed a small path curvature in all tests of 

this (. oqram.  This effect was suppressed by averaging data taken at posi- 

tive and negative drift angles.  Averaged data are represented in the 

figures.  In view of the symmetry of the averaged data, drift-angle argu- 

ments in the figures are shown only from 0 to ISO degrees.  Ideally, the 

drift angle experiment would be conducted on straight course, and at many com- 

binations of path curvature and drift angle. 

PROGRAM III:  Pure-Yaw-Rotation Experiment 

A 5-ft model was moved  in pure yaw rotation by applying a known 

yaw moment via falling weights and pulleys.  The resulting steady yaw 

rate was measured.  A Series 60 model was used; particulars of which are 

given in Table I. 

A vertical mast was erected in the model coincident with the model's 

negative z-axis (through the CG).  The mast was a drum having two fine 

cords attached, which, when wound around the drum» applied a pure yaw 

moment. The cords were led over ball-bearing pulleys attached to the 

outer sides of the walls of Tank No. 3«  Weight holders were hung from the 

cords»and the system was arranged to permit the weights to hang freely and 

travel downward as the model commenced to rotate. 

In testing, the lines were wound about the drum, elevating the 

weights.  When the model had been positioned directly between the pulleys* 

the model was released.  After an acceleration interval, the time of one- 

half revolution in yaw was measured.  Different weights permitted a de- 

termination of the effect of yaw rate on the dimensionless moment co- 

efficient ,    —  .  Results are plotted in Figure 9 .  These show 
5 L*Hr a 
2 

negligible change of coefficient value over the  r  range of the test. 
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COMPUTATION OF SIMPLE DOCKING MANEUVER 

General 

The equations of ship motion (16 through 20) were programned for nu- 

merical integration by digital computer.  The computer source program 

written in Kingston Fortran language, is listed in Appendix B.  The pro- 

gram applies to calculation of various turning, stopping, and accelerating 

maneuvers of a single-screw ship. 

An example application of the mathematical model is made in the cal- 

culation of a simple docking maneuver; namely, the "one-bell" landing. 

This maneuver involves a single engine reversal to halt a ship alongside 

its berth.  The particular purpose is to demonstrate sensitivity of ship 

response to operating and design parameters.  Conditions of the maneuver 

are idealized in the sense that no tugboat or MPD forces are applied» no 

w'nd acts, and deep-water hydrodynamic coefficients are used.  The one-bell 

landing is a legend for large ships, but as a limit maneuver it provides 

insight into the docking problem. 

Characteristics of the study ship are given in Table I.  Hull dimen- 

sions approximate the MARINER'S, but are based on a Series 60 form.  Co- 

efficient values are listed in Table IV and values of other parameters in 

Table V.  Conventional  Y and N hydrodynamic derivatives are obtained 

from Reference 13 (Model 60). 

To extend the results of computations to ships of other sizes, the 

following scaling laws may be used:  Subscript  A refers to the study 

ship, and B  to a geometrically similar ship of different size.  The fac- 

tor X  is the scale r« Ho based on length; i.e., X = Lj/l. .  Typical 

examples of scaling are shown. 

OisLance: XB 
= x, x X 

Angle: ^B ^ 4A * ' , 
T i me: 'B - 'A « ^ 

Force: XB = XA x V 
A 

Linear acceleration:  ü_ = u. x1 
B   A 

Angular acceleration:  r_ = ^^ 1 

Speed u     = u    xX1/2 

(ship  and current): B         A 

Moment:     No   =  NA x **                                      Angular   speed: n   =  nx   X"''z 

26 
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The correlation of hydrodynamic terms between models of different 

size (and especially between model and ship) is a major problem in ship 

hydrodynamics.  For this reason a I't-ft-long model was used to measure . i 

forces depending or» rudder actions, and friction scale effect was account- '.i 
ed for in scaling thrust forces. Still« the main interest of the work is 

to extend ship motion analysis to permit evaluation of parameters affect- 

ing maneuvering performance at low speeds» and not the precise determina- 

tion of ship response. 

The basic conditions of the example maneuver are these; 

The ship approaches a pier at a constant velocity of k,3  knots» relative 
to the water. This corresponds to a propeller speed of 20 rpm.  Turning 

rate and drift angle are initially zero. The "full astern" command is 

executed» and subsequent ship motions and trajectory are computed. 

The calculation is repeated for several variations of each of the 

following parameters: 

1. Maximum reversed propeller speed» n* 

2. Propeller-response time lag» i.e.« time constant T 

3. Velocity of uniform water current» Ur o 

With propeller reversed at low ship speed« rudder deflection was found to 

have negligible effect on ship motion and trajectory; hence« it is not in- 

cluded as a parameter in these computations. 

Distance and time required to stop are used as performance criteria 

for studying sensitivity to parameters I and 2.  For parameter 3» the 

lateral trajectory characteristics» position and velocity« are used. 

The computation proceeds from t  « when the command n" to propeller 

is given.  Formally, the initial conditions of motion are u = u(0) , 

v = r = u = v=r = 0. Initial heading, \|r(0) , is arbitrary unless water current 

is specified.  Coordinates x (0) and y (0) are also arbitrary. Typical 

computer output is shown in Appendix C. 

v 
Results ^ 

The effects of maximum reverse propeller speed are shown in Figure 10. 

Clearly» variations of n* about the base value of -kS  rpm cause significant 
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motions were  quite   large,  roughly  doubling the  values of  yaw angle,   drift 

angle,   and  lateral   displacement.     In another   trial, only   linear  hull   hy- 

drodynamic   terms were  included.     Results more  in  line with  the basic 

computation were  then obtained.     However,   it   is cautioned 'hat  the simple 

docking maneuver  does not   involve  large drift  angle or  (dimensionless) 

turning  rate  through most of the duration,   as might  be the  case  in other 

low speed maneuvers. 

The effect  of uniform water  current  on  a  slowly moving   ship  is  im- 

portant.     In  Figure   12   the effect  of  a one-knot   current,   setting  east,   is 

compared to a one-knot   current   setting west   (relative to a  north-south 

pier).     The  right-hand ship  is  set  heavily westward and put  hard against 

the pier.     The   left-hand  ship  is  set  eastward,   and finds  that  a  portside- 

to-pier   landing   is  impossible. Therefore a  starboard-side  landing   is 

shown.     Because uniform water  current  adds  a constant  velocity  to other 

ship motions,   time-to-stop  is  very   important   in water-current  cases. 

A  limiting  criterion  for  docking   is contact  velocity with the  pier. 

Lateral   contact  velocities of  -2.3  feet  per  second    (for   the  ship  set 

westward  in Figure   12)  or   1.1   feet  per   second  (for   the  ship  set  eastward) 

could result   in  costly  side-shell   damage.     A realistic  non-uniform current 

would  be weaker  near  the pier,  and more confused,  but  the desirability ot 

having  additional   lateral   control   forces  available  is apparent. 

Combined with yaw rotation,  the   lateral   velocity  at the  stern  (at   station 
18, on 20  stations)   is  -2.7  feet  per  second. 
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CONCLUSIONS 

Conclusions of this study are based on experimental results, results 

of computed maneuvers, and mathematical model development. 

Conclusions Based on Experiments 

I.   Straight-course experiments show that the speed of an ahead-turning 

propeller strongly influences rudder effectiveness of a single-screw 

ship.  The relation may be expressed in terms of the propeller ad- 

vance ratio  J  for ahead ship motions.  When propeller rotation is 

reversed, rudder forces are small, erratic, and ineffective for con- 

trol . 

2.   A significant side force is generated by the rotation of a single 

propeller behind a ship, especially for reversed propeller rotation 

at low ship speeds.  This force is responsible for a tendency toward 

positive (clockwise) yaw rotation during ship-stopping.  The ratio 

of measured yaw moment to side force locates the center of effort at 

approximately 10%L forward of the rudder post,for reverse propeller 

rotation, and approximately at the position of the rudder for ahead 

propeller rotation. 

3«   Hydrodynamic yaw moment resulting from pure yaw rotation is closely 

proportional to the square of yaw rate for aS-foot Series 60 model 

at yaw rates between CO'* and 0.07 sec" . 

Conclusions Based on Computed Maneuvers 

1. Computations show the importance of maximum reverse propeller speed, 

n", in ship stopping from low speeds. Since hull resistance is minor 

at low speeds, the stopping force is mainly determined by  n" squared. 

2. The time response of the engine importantly affects the speed with 

which astern thrust, hence ship deceleration, is established.  Since 

this a ffects the duration of the high-speed part of the maneuver, it has 
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3. 

2. 

3. 

much greater effect on distance than on total time required to stop. 

For some maneuverst time-to-stop is more important than distance. For 

example» ship translation due to a uniform water current depends di- 

rectly on total elapsed time, and not at all on distance traveled 

through the water.  Therefore, a maneuver which may be simple for an 

unassisted ship in still water could be impossible in a modest cur- 

rent, depending on the time it takes to complete. 

Conclusions Based on Development of Mathematical Model 

Propeller forces are conveniently represented in motion equations by 

following the familiar k.vs. J  notation.  Extension of the k. , a t    s t 
J  concept assists in the representation of longitudinal force, 

lateral force, and yaw moment, as convenient functions of ship speed, 

propeller rotation, and rudder angle.  Applied to both ahead and re- 

verse propeller rotation, the technique provides insight into the 

changing propeller flow conditions.  After blade stall, a locked pro- 

peller drag function may suffice until stall recovery.  Computations 

may be organized on the basis of instantaneous J  value. 

If the water current can be assumed uniform, vector addition of ship 

motion through the water and motion of the water current permits a 

considerable simplification of the equations of motion. On the other 

hand, if water current is so irregular as to disallow this assumption, 

mathematical representation may be impractical. 

In general, the variety of ship motions possible at low ship speed is 

boundless.  Because of this, appropriate force and moment data are 

necessary in computations of low-speed ship maneuvers.  Steady-state 

hydrodynamic reactions are complex functions which cannot be arbi- 

trarily excluded from ship-motion equations, even at low ship speeds. 

The mathematical model is a useful tool which may be extended to in- 

clude additional forces, such a^ wino and auxiliary propulsion devices. 

Constraints due to anchor or mooring lines may be added.  With the proper 

data on external forces, the mathematical model provides an excellent 

means for analyzing many complex problems associated with low-speed ship 

maneuvers. 

31 



'  * #  C    KM < 

R-1I69 

ACKNOWLEDGMENTS 

The author wishes   to express  his  appreciation  to members of the 

Davidson  Laboratory  staff who have  assisted  in  the  experiments,  computa- 

tions,   drafting,   typing  and  printing of this  report.     He  also expresses 

gratitude  for  the  stimulating  discussions had with  Or.   A.   Strumpf  and 

Dr.   H.   Eda. 

Computations were carried out  at  the Computer   Center of   Stevens 

Institute of  Technology, which   is  partly   supported by  the  National   Sci- 

ence Foundation. 

REFERENCES 

1. Norrbin.   N.H. .     "A  Study  of  Course Keeping and   Manoeuvring Performance," 
UTMB  Report   1U61,   I960 

2. Eda.   H.   and Crane,   C.L..     "Research on  Ship  Controllability  -  Part   1, 
Survey of  Long Range Program,"  DL  Report  922,   1962 

3. Williams,  V.E.   and Noble,  T.F.,     "Ships  Bridge  Control   Console  System," 
Sperry Piedmont  Company   Study  Report,   1963  (not   released) 

'4.     Goodman,  A.,     "Experimental   Techniques and Methods of Analysis Used 
in  Submerged Body  Research," Third Symposium on  Naval   Hydrodynamics, 
I960 

5.     Abkowitz.M.A . >     "Lectures on  Ship Hydrodynamics   -   Steering and Manoeu- 
vrability,"  Hydro-  and Aerodynamics  Laboratory,   Lyngby .Denmark,  May 
196U 

I 

6. Saunders, H.E..  Hydrodynamics in Ship Design. Vol. Ill, SNAME, 1965 j 

7. Hawkins, S..  "The Selection of Maneuvering Devices for Ships," 
Chesapeake Section of SNAME. September I965 I 

8. Crane. C.L.,Jr.. Dram, E.M., and Chey, Y.H.,  "Equations of Motion 
for Mooring and Docking Maneuvers of a Destroyer and a Submarine," 
for U.S. Naval Training Devices Center (distribution temporarily 
limited), DL Report 1157. September 1966 

9. Crane, C.L.. Jr.,  "Ship Stopping - A Study of Means to Improve Per- 
formance," DL Report (not yet released) 

32 



R-1169 

10. English,   J.W.,     "The Design and  Performance of  Lateral   Thrust  Units 
for   Ships," Trans.   R.I.N.A..   July   1963.   Vol.   105.   No.   3- 

11. Stuntz,  George R.,   Jr.,  and Taylor,  R.J.,     "Some Aspects of Bow- 
Thruycer  Design,"  Trans.   SNAME,   \96k 

12. Strumpf,  A.,     "Equations of Motion of   Submerged Body with Varying 
Mass," DL Report  778,   I960 

13*     Eda,  H.   and  Crane,  C.L..   Jr.,     "Steering Characteristics of Ships 
in Calm Water  and Waves," Trans.   SNAME,   1965 

1U.     Lewis,  P.M.,     "The   Inertia of  the Water  Surrounding  a  Vibrating  Ship, 
Trans.   SNAME,   1929 

15«     Prohaska,  C.W.,     "The Vertical   Vibration of  Ships,"  Shipbuilder  and 
Marine  Engine.  Builder,  October-November   ]9l*7 

16.     Bindel,   S.  and Garguet,  M.,     "Other  Aspects of  Propeller  Action dur- 
ing  Ship Stopping  Maneuvers," Association Technique Maritime et 
Aeronautique.   Session   1962 

17»     Eda,  H.   and Crane,   C.L.,   Jr.,     "Research on  Ship Controllability  - 
Part  2,   Steering  Characteristics of the Series 60 (C.   = 0.60)," 
DL Report 923.   1962 b 

18.     Suarez,  A.,     "Rotating-Arm  Experimental   Study of a Mariner-Class 
Vessel," D.L.   Note 696,   196^ 

19*     Hewins,   E.F.,  Chase,  H.J.,   and Ruiz,  A.L.,     "The Backing Power  of 
Geared-Turbine Driven Vessels," Trans«   SNAMEt   1950 

20. Russo.  V.L. and Sullivan,  E.K.,     "Design of the Mariner-Type Ship," 
Trans.   SNAME,   1953 

21. Eda,   H.,     "Low-Speed Controllability of  Ships   in Wind,"  DL Report 
1162,   1966 

■ 

33 

s, 



R-n69 

HULL 

TABLE I 

MODEL AND SHIP CHARACTERISTICS 

1U-FT MODEL   5-FT MODEL SHIP 

Length,   BP,  L   ,   ft 1U.00 5.00 528.5 

Breadth.  B   .  ft 1.868 0.711* 75.5 

Draft,   H   ,   ft 0.7^7 0.267 28.2 

Block  Coefficient,  C. 0.60 0.60 0.60 

L/B 7.50 7.0 7.0 

L/H 18.75 18.75 18.75 

Displacement.   A 731   lb F.W. 35-6 lb F.W. 19,300 L.T 

L  x H   ,   sq ft 10.U6 1.335 1^.900 

Lateral   Area of Hull,   sq ft 10.35 1.320 lt*.750 

Mass of Model,  M   ,   slugs 22.75 1.11 1,3^5.000 

LCG/L  from FP 0.515 0.515 0.515 

Radius of Gyration  in Air . ft 132.1 

RUDDER 

Area of  Rudder,  Ap,   sq ft 0.167 0.021 238 

AR/LH 0.016 0.016 0.016 

Aspect  Ratio of Rudder 1.90 1.90 1.90 

PROPELLER 

Troost   - ^ blades 

Diameter,  d  ,   ft 0.518 0.198 19.5'+ 

Pitch,  p   ,   ft 0.599 0.187 22.50 

p/d 1.15 0.95 1.15 

Mean Width Ratio,  MWR 0.261 - 0.261 

Expanded Area Ratio.   EAR 0.550 - 0.550 

Blade Thickness  Fraction, Btf o.oks - 0.01+5 

Rake,  deg 6 - 6 
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STRAIGHT-COURSE  FORCE  AND MOMENT  DATA 

RUN NO U n 5 X Y N 
rps 
7.6b 

deg 
u 

lb lb Ib-ft 
1U3 4. 14 -.06 .bO 
101 • uu 7.6b iu 4*14 .41 -»;.VB 

vv • uu 7.6b Ü0 J.V4 .77 -b.bb 

ÜV7 • uu 7.6U JU 3.64 .VV -7.0b 

lub • uu 7.bb -iu 4.<.-U -.6«: *•«:« 

107 • uu 7.6b -<:u 4.UU -.vb b.bO 

luv • uu 7.6b -JU J»UU -1.17 7.7b 

71 • U6 7.6b o J.bO -.07 .4b 

vo • b6 7.6b iu J.S>4 .bl -4.1*: 
wi • b6 /.Ob £u J.J3 1 .Ub -7.7«; 
V« • bb 7.6b DO 3.UJ 1 .4b -lO.JU 
4J .b4 4*61 3u .Vl • 33 -c:.64 
7i; • bb 7.6b -IU J.64 -.7U 4.73 
7a • U6 7.7U -iu J. J3 -1 .«ib b.34 
b4 • U6 7.67 -JU 2.b3 -1 .6V lU.b6 
44 • 6b 4.bV JU .bV . Jl -t.VO 
04 • bb 4»tjV u 1.11 -.ub .c:v 
bb •bv 4*6l lu 1 .Ub .<;b -1 »bO 
bd • bb «».bb «JU 1 .Ul • 44 -j^u«: 
bo .b4 4 •-_><: JU • bl • 4V -J.Vl 
4b • bb 4.bV oU • 6V • JJ -3U7 
7V • bb 4.3^ -«;u 1 .Ul -.4V 3»(>1 
bb • bb 4.'JV -JU .61 -.bb 4.^2 
1U4 • uu -7.bb u -*:.7b -.b«i 3*44 
1U2 • uu -7.6b lu -i:.73 -.faü 3*46 
1UU • uu -7.6b ^o -i;.73 -•b6 3»96 
va • uu ,-7.6b JO -i.bj -•60 3.bi 
1U6 • uu -7.6b -IU -«;.64 -.Ü7 3*6b 

lUb • ou -7.6b -ÜU -i:.63 -•64 3.1V 
nu • uu -7.6b -JU -»i.bl -• Jb 4«J2 

7Ü • bb -7.6b o -3.4J -•bV 3*01 
VI • bb -7.6b 10 -3.33 -u«;3 4-6«: 
VJ • b6 -7.6b ao -3.^3 -•bl ^•27 
Vb • Qb -7.6b 30 -3.43 -•bb 3*va 
77 • bb -7^66 -10 -3.U3 -•3i. 1 •vo 
HJ • b6 -7^67 -ÜO -i:.y3 -.61 3.17 
bV • bb -7^6b -JO -3.U3 -•7« 3*4t 
6V • bb -4^b6 o -i.*;i -•*;b i •<:!> 

63 • bb -4^bV io -l.Jl -•lb • Ub 
57 • b6 -4^b«; «JO -U31 -•3b U24 

bl • bb -4^6l JO -l,±\ -•37 U17 

76 • b6 -«•bV -io -l.l 1 -•3b Ub3 
OH • bb -4^6«: -«;o -1.^1 -•13 • V6 
bb • bb -4^3V -JO -1 ,<x -• 16 • bt> 

la* «•ÜU 7^66 o -•bl -•04 • Ol 
lb4 ^•7V 4.V6 o -•3U -•U3 -»u 
IbV *•&£. 7^4*i o -Ul 1 -•3U • 3V 
16U 4><!3 7^44 0 -.V7 -•UV • 46 
16a «•23 7^42 0 -UUl -•16 •23 
Ibl 4.£U 7^3b 0 -•vi -•U3 • 1 1 
167 ^•7V 4.76 o -•3:J -•U4 •23 
ISO b*6b 7.b4 o -3^b4 -. 1 1 -..22 
161 4^<:J 4.7b o -^•3«: -. lb -.1« 
lb-> ^•7V 4^b3 u -.bl -.UV • Ub 
lb6 b^bb 4.V1 u -b^^b -•IV -•b3 
16V 1 ^44 -4^4V u -UU -•U7 • lu 
16b ^•7V -7»t*4i. u -^•7 1 -•iJ • 33 
164 4*23 -7^47 u -b^47 • 23 -^•4 
166 Ü.7V -«•bl u -ü.u: • Ul -•b3 
163 4*23 -4.41 u -4.bb -•UV -•IU 

Ibb b»bi> -4^4b 0 -b.bV -.<i6 • b6 
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STRAIGHT-COURSE  DATA   IN  COEFFICIENT  FORM 

RUN NO 
N 

N» 

IOJ • UÜ • bUb _ • Ul • 1^ 1 «UUU 
tui • UU • bUU • Ub - • 71 1 •uuu 
«V • UU • 4bJ • IU -1 • Jr: 1 »uuu 
V7 • UU • '•t3-l • \4 -1 • io 1 «uuu 
IU9 • UU • bib - • Ob 1 • Ul 1 .uuu 
IU7 • UU • 4V1 - • X4 1 • L)<» 1 «uuu 
luv • UU • 4bO - • 14 1 • tJ'4 1 «uuu 
71 »44 »'*<♦«_ - t u 1 • 11 • bid -•Ul • UU 

tfU »44 • »a 7 .U7 - • vu »kil4 • ub -•U4 
V<! »44 m44 > IJ -1 • MJ • bid • 14 -•U7 
V4 »4t i JOb . lb -£ • a« • bib »4U -•IU 
4J *4J • J »U . 1 1 -1 • 7J • ÜU4 .1 1 -»Ub 
7«; »44 »<«».o - .UV 1 i 1 4 • bi^ -.UV .Ub 
7B »44 >4IU - . lb 1 1 'b • bl J -.17 .Ob 
U4 »44 . Jbs; - ><. 1 4 >4V • bl J -•tJ .IU 
44 »41 . jt J • 1 1 -1 • VI • /bJ • U7 -.U4 

64 »Jb > <« l o - • U J > IV • bU7 -.Ul .UU 

bU • J7 »o'yj ■ ob -1 . lb .. b / 7 .UJ -•u«: 
b* • J6 • JOV • lb — «; • UJ • bbb .Ub -.UJ 
bu • J6 ► jt j . 1 7 -t >b(> • bVU .U7 -.U4 
4b • J7 • *./*. . 1 1 -*: • uv •bb«: .U4 -.UJ 
7V • J6     i > JO*." - . 1 / < « l JÜ • 6b7 -•07 .UJ 
Ub • J6 • JU -, .«.J «. « 7b • bb7 -•OV .U4 
1U4 • UU . JJ / -( .uo 04 1 •uuu 
lOi • UU .JJ7 - • Ob 04 1 «uuu 
luu • UU .JJb -. >Ub y4 1 •uuu 
va • UU . J4 7 - .U7 • vu 1 •uuu 
106 • UU »Jtb - .UJ .b^ 1 •uuu 
lud • UU    -. »J*:«; -« )Ub 7b 1 «uuu 
11U • UU t J<.U -, >Ut) 1. ,V4 1 •uuu 
7Ü -•44           -< • 4UU -< .uv 71 1 . Ibb -.OV • UJ 
VI -»44          -i . JVt. -i lb 1, lu 1 • Ibb -.16 • U4 
VJ ~»4c           -i » JHJ - , .U7 b4 1 • Ibb -•Ob »\J4 
Vb -»4i «4UU - > 11 V4 1 •Ibb -»14 • U4 
77 -»44           -i iJbU - . >U4 4b 1 . IU7 -•Ub »Ui 
63 -»44           -> . J4b - . .U7 7b la lb7 -•Ob • U3 
bV -»44          -. > Jbb -< uv Ul 1 • lUb -•lo • U3 
6V - • J6    - < • JUU -. .ov bJ UJlb -•03 • Ul 
6J - • J6    - < .4IU -< »Ub bU 1*31 J -»04 • Ul 
b7 -•jy  -< .4cJ -« • i«: U4 1*316 -•Ob • Ul 
bl - • J6    - . .J/». -. IJ /b 1 • JUb -•Ob • Ul 
7b - • J6    - < .J41 -< >X4 1 • UU 1 »JU -•Ob • Ul 
a.'. - • J6    - • J/l -< U4 Ot. I«J11 -•V4 • Ul 
ou -•J6    -« .J/O -. Ub bb 1 •_)! J -»U4 • ul 
Ibü 1 •U6     < IbJ UU UU • Ubb • ou • UU 
154 1 •Ub     t *:uv -• Ul -t Ub • uo«: • UU • UU 
IbV 1 •lu    < lt>b -. U4 lu • UL>U • UU • UU 
16U 1 •lu    < 1 76 -. Ul Ik: • UbU • OU • UU 
16b 1 •lu    < I 71 -. V4 U6 • U4b .UU • UU 
Ibl 1 • IU     . Ibb UU UJ • U46 .UU • UU 
167 1*1 J 4t-U -« Ul 14 • U«il • uu • UU 

Ibb 1 •«b     < Ut>7 -i Ul -t Ob -»4,04 • UU • UU 

161 I «7« uuu -, Uä -, JV -.«Ub • UU • UU 

IbJ 1.1V     • luu -. UJ UJ -•u*;b • UU • UU 

lb6 4»4ti          -. 41* -• Ub -t Jb -•VtU • UU • UU 

16V -»t>4           -• 4tiV -. UJ u7 1 •bJ4 • OU • UU 

16Ö -•7J   -. 44% - • UJ Ub 1 •ba.b • UU • UU 

164 -l*uv  -• 4Ut> UJ -• t>4 1 •V-ib • UU • UU 

166 -l^cU    -• JVU UU -» J6 ^•UJ4 • UU • UU 

16J -l^Ob   -« be;« -• UJ -, U7 4»UV4 • UU • UU 

»bo -^•4b   -i. jit -. UV bl J« 144 • UU • UU 
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TABLE   IV 

COEFFICIENT  VALUES   FOR   SHIP   IN   SIMULATED MANEUVERS 

XI 
u 

X» o 
X   ' vr 

a5 

ae 
a7 

38 

a9 

aio 
a7i 

Yl v 
Y' v 
Y' r 
l/2(Y     ,+Y,) '   x   rvv    r 
1/2 Y     ' '       rrv 
1/6 Y     • '        rrr 
1/6(Y     '+3Y•) 

VVV V 

-.0068 

-.0075 

.168 

.49*4 

-.231 

-.0*43 

-.1U1 

-.322 

-.059 

.300 

.600 

-.325 

.500 

1.50 

1.00 

-.168 

-.305 

.089 

-.61U 

-1.15 

-3.20 

.101 

-.305 

-.65 

u3 

*>< 

b5 

b6 

Nl r 
N' v 
N' r 
l/2(N     •+N,) 'rvv    r 
1/2 N     ' 

rrv 
1/6  N     • rrr 
1/6(N     '+3^) 

VVV V 

N, 

- .0062 

- .010 

- .0326 

.29'* 

•397 

.12 

.0127 

- .080 

- .0107 

- .095 

- .070 

-1.1*3 

- .127 

- .30U 

- .061 

- .095 

- .169 

- .525 

.15 

-3.85 

-k.k] 

-2.62 

- .0061 

• 79 

37 

I 



R-n69 

TABLE  V 

FIXED  PARAMETERS   IN   EXAMPLE  COMPUTATIONS 

rL 
r l.UOO 

PL 
= .262 (15°) 

UL 
= .8t45 fps 

91 
= .376 

9? 
- -   .158 

93 
= -1.00 

At   =     1 .0 sec (iteration time) 
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FIGURE I.      REFERENCE   FRAMES 
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FIGURE 2.      VARIATION OF LONGITUDINAL FORCE COEFFICIENT k x> 
WITH RUDDER ANGLE AND PROPELLER ADVANCE-RATIO 
IN BEHIND-SHIP CONDITION 
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FIGURE 3.      VARIATION OF LONGITUDINAL FORCE COEFFICIENT kx, WITH RUDDER 

ANGLE AND ADVANCE RATIO OF PROPELLER IN BEHIND-SHIP 
CONDITION, Js=u/nd      (u>o,n<o) 
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APPENDIX A 

Drag of Locked Propeller 

In the operating region between '4 and 6 of Sketch I> page 12*   the 

propeller force is essentially a drag force associated with propeller 

blades continuously changing orientation and angle of attack with respect 

to local  flow.     In the absence of detailed experimental  data,  a simple 

drag coefficient  for a  locked propeller  can suffice.    This may be estimated 

on the basis of developed blade area«  DAR«  ship speed« u  « and mean wake 

fraction In way of the  propeller« w . 

X(prop.). = C    £ A u_8 xr    r   draqqmq       0 2        P ■agging 

" ''0 2 x UHK T 

= pdsaB u8 

.CA* DAR^x[u(l-w)]; 

where 

a5  = CD x OAR x J x (1-w)a 

Estimations of    C_    for  ship propellers  are discussed In Reference 19» 

Al 
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APPENDIX B 

COMPUTER PROGRAM FOR SIMPLE ENGINE-ANO-RUOOER MANEUVERS 

KINGSTON FORTPAN 2« 1620« STEVENS 
DIMF NSI ON C( I 2.7 » 
PFAD 100« < (C( I«J)*Js|«7)«|s|* 12) 
PUNCH 100 
PUNCH tOI«((C(|«J)«J=l*7)«|Kl«12) 
PUNCH 102 
C0NL1=C(I,3)»C(1«4)«C(>.5)/2.0 
C0NL2«C0NLl*CII«4) 
CONL3 = CON|.2*C( 1 ,4) 
CONL4=CONL3«C< 1 . <>) 
CONl ?aCONL4«C( 1 .'>) 
CONOl=r<I,3)"Ct1.6) 
COND2=CONOI*C(I«6) 
COND3=COND2»C<I«6) 
COND4=CON03«C(1«6> 
C0ND5 = C0ND4»C. < 1 ,6» 
AO=C( 1 « I )-CONLi:»C(3« I » 
Al=C0NL1«C<3.2) 
A2 = C( 1 . < )+C0NLi;«C(3.3) 
A3 = C0Nn<»«C(3./t) 
A4=rONn3«C(3.5) 
Ari=r.0Nn2«C (3.6) 
AösCOND^KCC 3.7» 
A7 = r.ONn3«C(4. I ) 
A0=C0Nn2»C(4.2) 
A9=C0NL1«C(4«3» 
A IÜ = C0NL14»C( -».«l » 
Al 1=C0ND3»C(4.b) 
A12 = r.0ND2»C<4.6) 
A13 = C0N(")1 »C(4.7) 
A|4=C0ND4«C(9.6) 
A15aC0ND3»C«9.7) 
00 = C( 1 . t )-CONL?»C. (5. 1 ) 
Ml=CONLl»C(5«2) 
B2 = CONL2«C.(r3.3)-C( 1.1) 
E<3 = C0NL2«C(ri.4 ) 
P4=CONL3«C(5.rj) 
HSaCONLlÄCCi.ö) 
t<6 = C0NL4«C('3.7) 
U7»C0NL1»C<6. 1 ) 
t<e = CONLl *C(6.2) 
f<9=C0NL2*C(6.3)-C< 1.1) 
PIOaCOND4»C(6«4) 
HI 1 =C0ND2»C. (6.5) 
fM2 = rONn4«C(6.6) 
Bl3=C0Nn3«C(6.7) 
HM = roNn2»c(7. i ) 
Bl5=CONLl»C(7.2) 
0I6»CONDn«C<7.3) 
CO=C(1.2)-CONL4»C(7,4) 
Cl rC0NI.2«C( 7.'i) 
C2=C0NL3«C(7.6) 
C3=C0NL3»C(7.7) 
CA=C0NL4«C(r>. 1 ) 
C^=C0NLi'«C(n.2) 
C6 = CONt_'_j»C(H. 3) 
C7=C0NL?«r(B.4) 

BI 

■■ m  .. 
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50 
5P 
5.1 

SI 

60 
63 
61 

62 

64 

65 

cn»roNL?»c(n.5) 
C9>C0NL4»C(0*6) 
cio«coNnr>»c«Of 7) 
CI l«C.0NDr)»C(9. I ) 
CI2«C0Nr)4»C(9.2» 
C13»C0Nn3»C<9«3» 
CI4«r0NL2«CI9«4) 
CI5»C0ND?»»CI9»5» 
VMPn=C(12«I) 
FNMPn = YMPn«C<I2*2)«C( I «4» 
J=l 
T«CI1I«S) 
U=C.(1P.1) 
V»C( I P.2» 
UG»C<10.1) 
VG»C(10.2» 
R=C<10.3» 
PPSD»C(10.5> 
DFL=C<10.6) 
DEL0=C(10.7» 
nELDOT=C(11,1) 
X=C(11,2) 
Y=C(11.3» 
S=C(?,7) 
PS i «cn 1.4» 
W=50PTF(U«U+V»V) 
RPRI=P«C(1.4)/W 
SPPRI =ALtSF(RPR I ) 
HETA=-ATANK(V/U) 
SMETA = AbSF(l*l.TA) 
RPr. = r. ( 10,4) + (RPSD-C( 10,4) )*( 1 .0-EXPF ( - ( T-C ( 1 I . 5 ) )/C ( 1 .7 » ) » 
IF    (SPPRI-C(2,2) )   50,50,51 
IF    ( SHETA-C(2,3) )   r>2,b2,51 
IF    (U-CI2.4))    5 1,53.53 
XHULL =A1«U»W + A2»P«V 
YHULL=Pl«U*V+t.,2*U»R+t»3»R»V»*2/U+P4«V»R*»2/U+B5«V«»3/U+B6«R««3/U 
ENHUL=C1»U«V4C2»U«R + C3»R*V*»2/U+C4«V«R*»2/'U+C5*V»«3/U+C6»R»*3/U 
GO   TO   3 
XHULL    =A1«U»W+A2*R«V 
YHULL=B7«V»W+H8»V«ABSF(V)+H9»U#R 
ENHUL=C7«U»V + Ce»V«U»ABSF(V»U)/'W»»2+C9«R»ABSF(R» 
RJsPPS»C( I »6)/lJ 
IF    (RJ-.376)    60,60*61 
IF    (RJ+.I50)    63,63,62 
IF    <RJ+I.0>    65,65,64 
Xr0NN=A3«RPS»«2+A4»U»PPS+A5*U»»2+(A6*RPS««2+A7»U«RPS»»DEL««2 
YCONN=B10«RPS»»2+B11«U»»2+(B12»RPS*»2+B13»U»RPS*B14»U»«2»«DEL 
ENC0N=C10»RPS»«2+(C11«RPS»»2+C12»U»RPS+C13»U»»2)*DEL 
GO   TO   4 
XC0NN=A0*U«W4A9«U«»2«DEL«»2. 
YC0NN = Blii*U*»2«DfcL 
ENC0N=Cl4»U*»2»DtL 
GO   TO   4 
XC0NN=AI4»RP5««2+AI5«U«RPS 
YC0NN=B16»PPS*»2 
ENC0NsC15«RPS»«2 
GO   TO   4 
XCONN=A10«RnS«»?+A|1»U»RP5+A12«U»*2+A13»J««3/RPS 
YC0NN=B16«RPS»*2 
tNCON=C15»RPS«»2 

B2 

I 



'» 

4 UD0T«<XHULL+XC0NN+C<2.5))/A0 
VDOT■< VHULL+YCONN+YMPD)/BO 
ROOT« < ENHUL+ENCON+ENMPD)/CO 
PDI»57.28»PSI 
PFDA«57>r8*UETA 
DED=57.2B*DEL 
ST»T»0.1 
JT«ST 
JT»JT»10 
JTBJT+1 

IF(«jT/J)-n 6«5.6 
5 PUNCH IÜ3«T.P0I .U«X«Y.BtDA.RPRI.RpS.DtD«XCONN»XHULL«UDOT«UG»VG»S 
6 U=U+UD0T*C(2.1) 

V=V+Vt)0T*C(2t J ) 
R=R+RD0T»C<2.1) 
PSI=PSI+R»C(2«1) 
UGaC( 11 .6)*COSF(C(1 1.7) )+U»COSF(PSI )-V*SlNF(PSI ) 
VGsC( 1 I .6)»SINF-(C( 11 .7) )+V»COSF(PSl J+U«SINF(PSI » 
X=X+UG*C(2»1) 
Y=Y+VG«C(2.1) 
S = S + W»C(2. I ) 
IF(U-C(2.6)) 71.70.70 

70 IF ( APSF(DEL>-Ap;iF (DhLti) ) 40.41 »41 
40 DF.L = DLL+C( 1 1 . n«C(2. 1 ) 

GO TO 2 
4 1 DEL=DtLD 
2 T=T+C(2. 1) 

J = J+l 
'  GO TO 7 

100 FORMAT («iSH 
1/J7F10.4)) 

101 FORMAT(12(7E10.3/)) 
102 FORMAT (42H   T     PSI    U X        Y    BETA /66H1 HPRIME 

1 RPS   DELTA   THRUST   RESIST,  UDOT   UE    VE S) 
103 FORMAT (F5.0.F7.1.F7.2«2Fb«l.F7.2/lHI.2F7.3.F6«l.F10.0«F9.0»3F7,3f 

1FÖ.1 ) 
71 GO TO 1 

END 

NOTE:    Program allows inclusion of additional  constant control   forces  In 
lateral and longitudinal   directions.  YMPD, NHPO. and XEX.    These 
were made zero in the present  study. 

B3 



Artn     Um •■ 

c 
0 
0 
[1 

0 
II 

R-1169 

o«^M««^^J«^M♦o^o^*,^-o^<^J♦<Ma)-«-o 

5S8s55?iS3Ei2i2Hs8g?i 

oooooooooooooooooooo^Nnm 
I I I I I I I I I I I I 

N 

OAiN<o~on!nt«in<ointoonNoo>»in«r» 
M(^J-oo>a)<o«-(OlnN^o«o^o«J^no««o^n 

§000000000000000000000000 

******** * * * 1* * * * 1* * 1* * * 1   l  1  1 

o 

x 

a 
z 
ui 
a. 
k 

o 

u. 
o 
a: 
UJ 
3» 

3 

g* 

o 
II 

o 
II 

10 

1. 
1. 

i. 

0 
o   o 
a 

11 
ee 
o       "■ 
U.      10 

? 1 
>-    u z 
a.     1 

85   " 

Q. 

s 
a. u 
o 
CM 

II 

( 

<voo-oo~oooo 
00000000000 
♦♦♦♦♦♦♦♦♦♦♦ 
UJUJUJUIUJbJUJIJUJIlJUi 
oo-o-«r*noooo 
oo«ooo«inooo 
«o-» — n — "ODO 

1 1 

N o 
o o 
♦ ♦ 
UJ UJ 
in o 
o> o 

M« ■• 0 — 0000 
000000000 
t  >   :• >  I   + ♦ ♦ ♦ 
U-'ilUJUJUJUJUJliiUJ 
ooo«-inooo 
niftNOONOOO 
«-'ON^mnoo 

1 1 1 

(VJOOO — — — 0000 
00000 0.0 0000 
♦ ♦♦♦+1   I   ♦ + ♦♦ 
UJUJUJUJUJUJUJUJUJUJUJ 
«jo-oinvo<ro>ooo 
oono — (Miö<oo>ino 
njON»n-ni>'-'F-i^o 

1 1   1   1   l 1 

noooo---<Moo 
oaooooooooo 
♦ ♦ ♦ ♦ ♦ 1  1   1   1  ♦ ♦ 
UJUJUJUJUJUJUJUJUJUJUJ 
oin«in«or- «ono 
nj^oftj-ooin — no 
in(C<»n«o--Ovono 

1   1   1   1   1   1 

«OOO-ftJ— — -.00 
00000000000 
♦ ♦ ♦ ♦ I   I   I   I  ♦ ♦ + 
UJUJUJUJUJUJUJUJUJUJUJ 
0>(MCDO«0OO(DIVJOO 
0><0<0O0>(^OÜ<0OO 
»nj-oajoco<ONOo 

1 1   1 

--(M -OO-O — OO 
-OOOOOOOOOO 
♦   ♦I    l*   +   l    ♦♦♦♦ 
UJUJUJUJUJUJUJUJUJUJUJ 
inocoinoh-«~oo 
nomooinnjoooo 
(^J'-^^n^lO-^<tclO 

1  1   1   1 •   1 

t>--NOOOOO — -O 
OOOOOOOOOOO 
♦   ♦l+-f*+*4*   + 
muj(jujujuujujujujui 
(nc:oNooinor-inino 
n o ou cj -0 o oj r\j co (\j o 
-•-«lon — n——nr^o 

»-<oino><o-«<MnjMio<ONOon«o><oo4<«(aor>in 
(/)«ioa)n«of^inonNnw<»!y<»oo«M<M<B-nin(vj 
— a)^«Cln^-'(^^^r-c^^ln*^Ol'|^nM(^^0lnln 
«ninininininin««<r«0(nnrt(nonnnnfti<y<M<vj 
UJ 1 1 1 1 1 1 1 1 1 1 t 1 1 1 1 1 1 * 1 1 1 1 1 1 
a 

»-<o(MO>oa'>oinoi,)«a>ina>oioo<ooo>4tn«n>o 
»A) — nr-nr»(Minn(o>o<,>no—(or-ajuioin — f^mN 
DO>n-«o(J>inina)>o«n — no>o,in«oninnf^<o(vj« 
ain<\iifiooin-h(oa)ni*oN*>os(Oa)cns<oinn 
1 1 ---(vjainn« «inininminmininiflininin 

1  1   1  1  1  1  1  1   1  1  1   1   1  1  1  1 1  1   1  1  1 

<aooooooooooooooooooooooo 
J 
UJ 5 

n«nio-0(onjr)<o — -><ocor-inoina)-*n«<or^ 
no>o>ni't<fo>oon<0(Do>o-(vjnnn4*4«« 

i/inoown <f^flln'0^o^o^o^o^•^-^-^•^^-r»r-^•r•^ 
&•••••• ••• • 
a        1 1 1  1 1 1 1 1  1  1 1 1  1  1 1 1 1 1 1  1 1 1 

uo — -n(o>oa)(\joüo — ^(0<»f-o «moco'on — o Iooooo•"<^J4^n^o(^Jln(^r1a)^ni^n^ln^<»<^J 
— 0000000000 — ---<^J(vJr)«^n>o^a)-« 
Q£»»« .»•#••• 

a 

onnin-n-««on«(nNnr-in'Oinino'ino(vj «10000 — (M«<o'>nf-(\ja)ifi««t*n«(Moo»(vjn 

UJ 
CD 

— — (vi(\jr)*in>oeooniD^)nn 
- - - (\i * t» 

1   1   1   1 1 

oo-'-'-iyn^minn— n(D<»o<»co<Dinin<»>o- 

> 1   1   1   1   1   1   1   1   1   1 —-njMNAj-inco 
1   1 

on-<\j — a)onn\oajivo>nooo-0'n4r) — (Oeo 

x     (\j'»intnt')->oo'0,'Ooo»^o>(D(vj-f-o)ina)>o- 
r-«-(ui()<\iaj<fQ otvjr- — ino>nooBO(vjn4ifi 

— NNn« «ifivoot^r-ajiooo^o^ooooo 

m - m <o ■* - « najo'r» f^Jln»0lft<vl(^^n-r■^O(0^ 
fyfy-oo>a3<o<j-a)in(M(D'»o>o-hrieo40ir — 

— 0000 — — Dioa^o vo«nn«in(DN*o>o — o 
^••t«««t*****>******  
a »—(vin«in<oi^a)0-(vj«in'0 

KOOOOOOOOOOOOOOOOOOOOOOOO 
-(\jn«invor-a)oo—Nn<»iniOha)o>o—wn 

C1 



Irak J^j is&L*.  

UNCLASSIFIED 

r 
Security CUtitflcation 

DOCUMENT CONTROL DATA • R&D 
(Umtrtty clmialllemllcn «I Uli», body of •»•(Mel «NI Indmnlng mmMlon mu»l >» •wfwrf <dm ft« »»i»» ttgMt !• «lattUlU) 

r OmOINATIN II ACTIVITY fCsiyoMto «uffior) 

DAVIDSON LABORATORY 
STEVENS INSTITUTE OF TECHNOLOGY 

I«.  RIPONT MCUNITV   C I AMiriCATION 

I»   «NOUP 

1. RKPOUT TITLK 

RESPONSE OF SLOWLY MOVING  SHIP TO PROPELLER AND RUDDER ACTIONS 

4. OESCRIPTIVB NOTES fTyp» of «port and tnelutlv dal»t) 

S   *UTHOWfS> (La»', nmm», llnl n«m«. Inlllml) 

C.   LINCOLN CRANE,   JR. 

6   REPORT DATE 

OCTOBER  1966 
7«-   TOTAL NO    OF   PAOCf 

ix + 3 
Appen °iFhA a.Rrr' 

76.  NO. OP PIKFI 

20 
• •    CONTRACT  OR  ORANT NO. • a.   ORiaiNATOR't MCPORT NUM««RfSJ 

b.   PROJKCT  NO. 
Nonr 263(63) 

Project 29^2/070 

DAVIDSON LABORATORY REPORT NO.   1169 

»b   OTHtn i>CPORT  NOfS; (Any othmrnumbtr* tfiat mar b* atc/Jnad 
(hi* raporO 

10   AVAILABILITY/LIMITATION NOTICES 

11   SUPPLEMENTARY NOTES 12   SPONSORING MILITARY ACTIVITY 

U.S.   NAVY,  WASHINGTON, D.C 

13   ABSTRACT 

An attempt  is made to extend  s'm'i   maneuvering  analysis for  application 
at   low ship speeds.     Experiments  are made with raptive-model  to investigate 
effects of non-equilibrium propeller  speeds on rudder force and effective 
thrust.    Other experiments are made to explore first-order effects of very 
large drift  angles and pure yaw rotation on hull   hydrodynamic reactions.  The 
experimental  results,  together with previous rotating-arm data, are applied 
in motion equations,  accounting for  both extreme propeller  actions and the 
occurrence of large drift  angles and turning  rates.    Also  included are propul- 
sion and rudder time  lags,  and the influence of uniform water-current on ship 
trajectory.    The equations  are programmed for  computation,  and ship response 
to a simple docking maneuver  is  predicted.    The computation is repeated 
several   times to examine sensitivity of ship motions and trajectory to varia- 
tions of operating  parameters;   namely, maximum reverse propeller-speed,  engine 
response time, and water-current  direction. 
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